Abstract Remote ischemic conditioning (RIC) is a powerful innate response to transient subcritical ischemia that protects against severe ischemic insults at distant sites. We have previously shown the safety and feasibility of limb RIC in aneurysmal subarachnoid hemorrhage (aSAH) patients, along with changes in neurovascular and cerebral metabolism. In this study, we aim to detect the potential effect of an established lower-limb conditioning protocol on clinical outcomes of aSAH patients. Neurologic outcome (modified Rankin Scale (mRS)) of patients enrolled in a prospective trial (RIPC-SAH) was measured. A matching algorithm was applied to identify control patients with aSAH from an institutional departmental database. RIC patients underwent four lower-limb conditioning sessions, consisting of four 5-min cycles per session over nonconsecutive days. Good functional outcome was defined as mRS of 0 to 2. The study population consisted of 21 RIC patients and 61 matched controls. There was no significant intergroup difference in age, gender, aneurysm location, clipping vs coiling, Fisher grades, Hunt and Hess grades, or vasospasm. RIC was independently associated with good outcome (OR 5.17; 95 % confidence interval (CI) 1.21-25.02). RIC also showed a trend toward lower incidence of stroke (28.6 vs. 47.5 %) and death (4.8 vs. 19.7 %). Lower-limb RIC following aSAH appears to have a positive effect in the functional outcomes of patients with aSAH. While this effect is consistent with prior preclinical studies, future trials are necessary to conclusively evaluate the effects of RIC for aSAH.
Introduction
Remote ischemic conditioning (RIC) is a powerful endogenous mechanism, whereby sublethal episodes of ischemia temporarily protect against subsequent lethal ischemic insults at distant sites [1] . In animal models, RIC of the limb has been shown to be effective in protecting against global and focal cerebral ischemia [2] [3] [4] [5] . In humans, lower-limb RIC induces ischemic muscle changes, resulting in transient metabolic shifts consistent with sublethal ischemia that may be used to protect distant organs [6] . Prior clinical studies have demonstrated the safety of limb RIC in patients with aneurysmal subarachnoid hemorrhage (aSAH) and the mechanism's potential to produce neurovascular and cerebral metabolic changes [7, 8] . Several authors have suggested the potential role of RIC in aSAH patients; however, the exact benefits remain unclear [9, 10] . Recent randomized clinical trials reported the efficacy of RIC in stroke prevention in patients with intracranial atherosclerosis and carotid endarterectomy, but this has not been shown in aSAH [11, 12] . The goal of this study is to evaluate the potential effect of an established lower-limb conditioning protocol on functional outcomes of patients with aSAH.
Methods Study Design
To evaluate the potential effect of lower-limb RIC in patients with aSAH, we performed a retrospective cohort study of patients originally enrolled in the remote ischemic preconditioning in subarachnoid hemorrhage (RIPC-SAH) trial (Clinicaltrials.gov # NCT01158508) vs. a matched control group. The study was conducted with institutional review board approval. The details of the RIPC-SAH study protocol and results of the safety endpoints have been previously published [8] . For the present study, a matching algorithm was used to retrospectively identify a control group of individuals with aSAH from our institutional departmental database. The algorithm accounted for known factors affecting outcomes of aSAH [13] [14] [15] [16] . Patients were identified matching for age within 4 years, gender, exact Hunt and Hess (H&H) grade, and Fisher grade after intervention for elevated intracranial pressure (ICP). To increase the power of the study, an allocation rate of 3:1 was used between controls and cases. The same neurocritical care team was involved in the management of the RIC and control groups. Table 1 summarizes the inclusion and exclusion criteria for the RIPC-SAH study, which were also applied to the control cohort.
Both RIC and control patients received standard-of-care management of aSAH, including early protection of the aneurysm, calcium channel blocker treatment, and external ventricular drainage placement for signs of elevated ICP. In the ICU, patients were treated with moderate hypertension and hypervolemia and monitored with central venous catheters, arterial lines, and/or Swan-Ganz catheters. Furthermore, ICU patients underwent daily transcranial Doppler (TCD) ultrasonography and continuous electroencephalography (EEG). Patients with TCD velocities that increased over serial monitoring, TCD velocities that surpassed established TCD thresholds, or with deterioration in neurological examination, received neurological imaging with endovascular treatment for vasospasm, as needed [16, 17] . MRI imaging included DWI, GRE, FLAIR, T2, COW TOF MRA, ASL, PWI, CEMRA, and post-contrast T1-GRE sequences. CT imaging included noncontrast CT, CTA brain and neck, and CT perfusion scans.
The protocol of RIC consisted of four RIC sessions of the lower limb over multiple nonconsecutive days, performed within 2 to 12 days following aneurysm rupture. Each session included four inflation cycles lasting 5 min, with 5 min of cuff deflation between all of the cycles. Inflation pressure was initiated at 20 mmHg above the patient's known baseline systolic blood pressure and was increased until the dorsalis pedis pulse was abolished, as verified by Doppler ultrasonography. This pressure was maintained through the inflation cycle.
Endpoint Measurements
The standard dichotomized modified Rankin Scale (mRS) at discharge was used as primary endpoint, with good functional outcome defined as mRS 0 to 2 and poor functional outcome as mRS 3 to 6 [18, 19] . Secondary endpoints included the development of (1) vasospasm during hospitalization, as determined by catheter angiography and/or transcranial Doppler (TCD) ultrasonography, and (2) ischemic stroke, as determined by MRI and/or CT.
Sample-Size Calculation
Using the approach described by Kelsey et al., a total sample size of 76 was calculated to be sufficient to detect a minimum odds ratio of 4.0 in favor of the RIC group for good outcome, with α of 0.05 and 80 % power [20] . This calculation was based on the expected proportion of good outcomes of 25 % with current standard of care, according to Hop et al. [21] .
Statistics
Statistical analysis was performed with JMP®, version 11 (SAS Institute Inc., Cary, NC, 1989-2007). All authors participated in the analysis of the data. Descriptive statistics were generated for demographic and clinical assessments to characterize the study populations in both groups. Contingency 2×2 tables with the numbers of treated and untreated patients with good and poor outcomes were created, from which the odds ratio was calculated. A chi-square test of significance was applied with α of 0.05.
Logistic regression models were used to account for the possible effects of covariates not corrected by the matching algorithm. A full model was built using the covariates age, gender, aneurysm location, treatment (coiling vs. clipping), Fisher grade, H&H grade, presence of intraventricular hemorrhage/intraparenchymal hemorrhage (IVH/IPH), and To evaluate for potential effects of time of management in RIC compared to historical controls, a correlation matrix between time of treatment and mRS was constructed. Spearman's correlation was used to evaluate its significance.
Results

Patient Population
The RIC group consisted of 21 patients, ages ranging from 22 to 76 years (mean=50.81, SD=12.73), with 14 females (66.7 %) and 7 males (33.3 %). The matching algorithm identified 61 control patients, ages ranging from 20 to 77 years (mean= 52.03, SD=11.95) and consisted of 41 females (67.2 %) and 20 males (32.8 %). Demographic data and clinical presentation grades (Fisher and H&H grades) are summarized in Table 2 .
The location of the ruptured aneurysm was classified as anterior or posterior circulation for each patient. Twelve of 21 RIC (57.1 %) and 41 of 61 control (67.2 %) patients had ruptured aneurysms in the anterior circulation. The remaining 9 RIC (42.9 %) and 20 control (32.8 %) patients had ruptured aneurysms in the posterior circulation. There was no significant difference in the proportions of patients treated with clipping or coiling between RIC patients and controls. Endovascular coiling was performed in 13 RIC (61.9 %) and 38 control (62.3 %) patients, with surgical clipping performed in 8 (38.1 %) and 23 (37.7 %) of the RIC and control patients, respectively.
Clinical Outcomes
Nine of 21 RIC (42.9 %) patients had good outcomes, while only 14 of 61 control (23.0 %) patients had good outcomes. Four of 21 RIC (19.1 %) patients had no neurological deficits (mRS 0) vs. 4 of 61 controls (6.6 %). There was 1 (4.8 %) death in the RIC group and 12 (19.7 %) in the control group. The complete list of clinical outcomes is summarized in Table 3 .
Whereas a larger proportion of RIC patients were affected by vasospasm, a smaller proportion suffered ischemic stroke as compared to the control group. Vasospasm was observed in 17 of 21 RIC (81.0 %) and 42 of 61 control (69.0 %) patients, while 6 of 21 RIC (28.6 %) and 29 of 61 control (47.5 %) patients suffered strokes. Neither vasospasm nor stroke occurrence was found to be statistically different between groups, although RIC patients showed a trend toward lower incidence of stroke (28.6 vs. 47.5 %).
The multiple logistic regression models (summarized in The odds ratio of good outcome for patients treated with conditioning was 5.17 (95 % confidence interval (CI), 1.21-25.02). Patient outcome (mRS) had no significant correlation with the time period in which patients presented and were treated (Spearman's ρ −0.18, p=0.11). (Figure 1.) 
Discussion
Remote ischemic conditioning is a powerful innate response to transient ischemia that confers protection against subsequent severe ischemia at distant sites [1] . Several preclinical models have demonstrated that this phenomenon protects against cerebral ischemia [2] [3] [4] [5] . The clinical potential of conditioning is underscored by the high morbidity and mortality of aSAH and the ease of application of RIC with relatively low risk for injury [22, 23] .
The efficacy of remote ischemic conditioning in animal models has prompted human trials for acute ischemic stroke. In a randomized study of patients undergoing carotid endarterectomy, two 10-min episodes of limb RIC produced a nonsignificant reduction of saccadic latency deteriorations, suggesting potential neuroprotective effects [12] . In a longerterm randomized control trial, bilateral limb RIC performed twice daily for 300 days conferred neuroprotection in patients with symptomatic intracranial arterial stenosis, as demonstrated by a reduction in the incidence of recurrent stroke, shortened average time to recovery after stroke, and improved cerebral perfusion [11] . These clinical findings, along with those from preclinical studies, point to the presence of endogenous neural protective mechanisms inducible by RIC. RIC holds potential for the prevention of delayed neurological deficits following aSAH. The established time course for vasospasm and delayed ischemic neurological deficits following aSAH permits timely application of RIC before the peak risk of vasospasm and stroke [1] . Previous studies have evaluated the effects of the RIC protocol used in this study on limb-muscle ischemia, demonstrating increase in lactate and in the lactate-pyruvate ratio, without variation in glycerol, indicating transient muscle ischemia without permanent cell damage [6] . The effects of RIC on the cerebral vasculature and local metabolites have also been investigated. TCD measurements of patients undergoing RIC indicated transient cerebral vasodilation over the duration of conditioning. Brain microdialysis demonstrated a persistent reduction in the lactate-pyruvate ratio as well as in glycerol 25 to 54 h after the final conditioning stimulus [7] . Subsequent studies confirmed the safety and feasibility of lower-limb RIC in patients hospitalized with aSAH [6] [7] [8] [9] . RIC did not cause deep vein thrombosis or mechanical or permanent ischemic injury to the preconditioned limb [8] .
With the specific conditioning regimen of four 5-min alternating cycles of ischemia, RIC was found to be associated with good outcomes in the multiple logistic regression models. Additionally, there was a trend toward lower incidence of stroke and death and a higher incidence of patients without aSAH-related disability (mRS 0) in the RIC group. These findings further substantiate the potential benefit of RIC in the management of aSAH and suggest an actual effect of the administered dose. While our retrospective study suggests potential positive effects in aSAH patient outcomes, the true efficacy of conditioning for the management of ischemic stroke or aSAH will require pivotal confirmatory clinical trials.
Our analysis showed that there was no significant correlation of discharge mRS with the period of time of aSAH, a factor introduced by the use of a historic control cohort that could not be corrected with the matching design. Furthermore, after corrections for other strong predictors in the multiple logistic regression models, RIC stands as an important individual predictor for good outcome. In concordance with the literature, well-recognized factors that predict vasospasm, including Fisher and H&H grades, were also predictors of outcomes in our model [14, 16] .
Limitations
The main limitations of this study are its retrospective nature and the use of historic controls. This limits the conclusion and generalizability of the data presented. However, our study shows a trend toward a positive effect of RIC on aSAH patient outcome and identifies an effect size that may help to pave the way for future prospective randomized trials. To increase the validity of the data, a matching algorithm was created to identify controls that accounted firsthand for the most important predictors in aSAH outcomes and had the exact same inclusion and exclusion criteria as the RIC-treated cases. Unavoidable with retrospective studies of this nature, patients enrolled in the rigid protocol of the RIPC-SAH trial may have benefited from care that differed from that of the controls. Regression analyses were performed to account for covariates that could not be corrected by the matching algorithm, and in both the full and parsimonious models, RIC was associated with good outcomes. To address the limitation introduced by using historic controls, the potential effect of time of treatment on outcome was evaluated and found to be insignificant. We speculate that this is due to the pioneering work of our neurocritical care team in the development of management strategies for vasospasm and subarachnoid hemorrhage that were recently adopted by others centers [24] [25] [26] [27] . An additional limitation of this study was the relatively small sample size of the RIC group. The detection of an effect required a larger population, which was compensated for by creating an ∼3:1 allocation with the control group. This study evaluated the effects of limb RIC in clinical outcomes with a particular protocol, and therefore, the evaluation of other regimens would require further studies.
Conclusions
Remote ischemic conditioning using the protocol described appears to have a positive effect on the functional outcomes of patients with aSAH, reflected by an improvement in mRS scores. The detection of this directionally appropriate effect, consistent with evidence from prior preclinical and clinical models, requires future trials to conclusively evaluate the effects of RIC for aSAH.
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